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Low X-Ray Energy Fluorescence Gas Electron
Multiplier (GEM) for XAS Studies
J. A. Mir, D. Sole, J. D. Lipp, R. Stephenson, J. A. Purton, S. L. P. Savin, A. V. Chadwick, and L. O’Dell
Abstract—X-ray absorption spectroscopy at sub-keV energies
dictates the use of detectors that can attain a good signal-to-noise
ratio. We report a recent study undertaken at Science and Tech-
nology Facilities Council, Daresbury Laboratory to evaluate the
performance of a Gas Electron Multiplier (GEM) for this purpose.
The main impetus of this study was to investigate the relevant
parameters such as the effective gain and energy resolution in the
X-ray energy range of 270–930 eV. This study demonstrated that
a single stage GEM can sustain effective gains up to 60 000 in a
helium-isobutane counter gas mixture at atmospheric pressure.
Consequently, high signal-to-noise ratios were achieved (electronic
noise   electrons r.m.s) thereby permitting adequate X-ray
energy resolution.
Index Terms—Effective gain, gas electron multiplier, X-ray ab-
sorption spectroscopy, X-ray energy resolution.
I. INTRODUCTION
X-RAY ABSORPTION SPECTROSCOPY (XAS) is apowerful tool where synchrotron radiation is used to
examine the local atomic structure of materials [1]–[5] and
suited for obtaining quantitative information about diluted
atomic species in solids or liquids. This technique involves
the study of the X-ray absorption coefﬁcient as a function of
X-ray energy around the K or L edges of the target atom. The
spectrum derived by scanning the input photon energy can
then be used to infer X-ray Absorption Near Edge Structure
(XANES) providing information about the oxidation states. In
addition, the extended X-ray absorption ﬁne structure (EXAFS)
provides knowledge on atomic co-ordination arrangements
within distances of a few angstroms. XAS technique is com-
monly used to study transition metal oxides involving LM
transitions thus implying a required detector response in the
X-ray energy region of 500 eV to 1000 eV. For example, an
in-depth structural knowledge of Titanium doped Cr O [6] is
essential to determine the optimum electrical properties sought
for construction of sensors required for detecting reducing
gasses in air via chemisorption.
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Fig. 1. A schematic arrangement of the GEM detector. The length of the vessel
was 280 mm and the diameter was 30 mm.
Conventional XAS studies use ionization chambers to mon-
itor attenuation by the sample as a function of photon energy.
The absence of gain in ionization chambers renders the conven-
tional XAS prohibitive for applications where the target atoms
consist of low atomic numbers (Carbon, Nitrogen, Oxygen).
To ameliorate the conventional XAS at lower X-ray energies
requires the introduction of proportional counters [7], [8]. In
the present study, we have advocated a Gas Electron Multiplier
(GEM) to study the sample ﬂuorescence in the photon energy
range 270–930 eV. In order to resolve sub-keVX-rays the GEM
is required to sustain a charge gain in the region of 10 000. We
expect to see a superior signal-to-noise ratio using a GEM due
to its inherently low photon feedback properties which cause in-
stabilities in conventional proportional counters.
The Gas electron multiplier was invented at CERN in 1997
[9] and consists of a thin polymer mesh (50 m thick kapton),
metal clad on both sides usually by 5 m thick copper and per-
forated with a high density of holes (Typically 40–120 m hole
diameter, 140–20 m hole pitch). Upon the application of a po-
tential difference across the GEM holes in a suitable counter gas
mixture, charge ampliﬁcation is achieved when electrons enter
the GEM holes.
II. METHOD
The design of the experimental chamber used in this work has
been adopted from previous studies [10 and references therein]
to suit the mechanical infrastructure at Daresbury Laboratory’s
station 1.1. The experimental chamber is shown in Fig. 1 and
consisted of a 280 mm long stainless tube, diameter 30 mm.
The entrance window, diameter 11 mm (Moxtek AP3.3), was
designed for efﬁcient transmission of low energy X-rays. For
this work, the frontal area containing the GMS (Gas Microstrip)
plate was substituted by three 0.8 mm thick G10 frames to form
0018-9499/$25.00 © 2007 IEEE
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Fig. 2. A plot showing the variation of the mean photon attenuation length as a
function of photon energy for a number of different helium and isobutane (IB)
mixtures.
the drift electrode, the GEM detector and the readout board. The
separation between the GEM and the readout plane was held
at 0.8 mm (Induction region) whereas the distance between the
GEM plane and the drift plane was held at 7 mm (Drift region).
The X-ray sensitive area of the GEM was 10 mm by 10 mm and
was located 10.5 mm away from the entrance window.
The GEM used here was fabricated at the CERN TS-DEM
workshop and consisted of a 50 m thick copper clad (5 m)
kapton foil with 50 m circular holes patterned at 140 m hole
pitch. In the experimental studies described below each sample
was placed at a 45 degrees orientation with respect to the
incoming synchrotron beam. The GEM chamber was placed
25 mm away from the samples and positioned so that its axis
was perpendicular to the beam. Fluorescence photons emerging
from a given sample illuminated the detector drift space parallel
to the GEM plane through the entrance window. In this study,
the detection chamber was operated at a constant gas ﬂow rate
where the gas composition was controlled by Brooks mass-ﬂow
controllers (model 5850 E) built into a rig that was constructed
using stainless steel tubing. In view of the 10.5 mm dead area
between the entrance window and the active GEM area, an
argon based counter gas mixture was ruled out. Fig. 2 shows the
variation of the mean photon attenuation length as a function of
photon energy for a number of different helium and isobutane
(IB) mixtures including helium(85%)-IB(15%). The mean
photon attenuation length was determined by calculating the
weighted mass attenuation coefﬁcient for helium and isobutane
[11] assuming the densities of helium and isobutane to be
0.179 kg/m and 2.60 kg/m , respectively. The reciprocal, ,
yielded the mean photon attenuation length. Fig. 2 shows that
the mean photon attenuation length for helium(85%)-IB(15%)
at the lower photon energies is greater than mm dead
region (region between the entrance window and the active
GEM area). A helium(85%)-IB(15%) counter gas mixture was
therefore selected for the work.
The drift electrode and the GEM were operated at negative
potential with respect to the readout anode that was held close
to earth. The readout anode was connected to a preampliﬁer
with a CR-RC shaping ampliﬁer at its output. The shaped sig-
nals, risetime 0.4 s, were ampliﬁed by an Ortec 535 fast ampli-
ﬁer and then fed into two different channels. The ﬁrst channel
consisted of an Ortec 727 A delay ampliﬁer feeding its output
signals to a multi-channel analyzer (Fast Comtec 7072 T). The
second channel consisted of an Ortec 551 timing single channel
analyzer, a gate generator (LeCroy 222) which enabled lower
threshold detection levels to be set. The output signals from the
gate generator were fed into the gate input of the Fast Comtec
analyzer.
The effective gain, M, [12] of the GEM was initially investi-
gated to assess if sufﬁciently high effective gains were possible
to resolve sub-keV X-rays. This was achieved by tracking the
position of the photopeak, for a given X-ray energy, on the fast
Comtec multi-channel analyzer as a function of voltage applied
across the GEM holes with drift ﬁeld and induc-
tion ﬁeld set at 0.9 kV/cm and 5 kV/cm, respectively. After
deﬁning the operational voltages i.e., voltage across the GEM
holes, the drift and the induction voltage, the pulse height spec-
trum of the ﬂuorescence photons was then taken for a number
of different samples with monochromator position held several
eVs above a given K or L edge thus avoiding severe detecting
efﬁciency loss due to absorption edges. Each sample was indi-
vidually mounted onto a conductive sample holder on a linear
manipulator. The samples studied included a polished Copper
sheet, several m thick Zirconium Oxide formed on a kapton
foil, several m thick Titanium Oxide formed on a kapton foil
and an Iron sheet with Carbon contamination. The count rate
throughout these measurements was typically 5 kHz.
III. EFFECTIVE GAIN WITH HELIUM (85%)-ISOBUTANE (15%)
The effective gain, M, of the GEM was measured in the usual
way by comparing the peak of the pulse height distribution gen-
erated by X-rays with a charge calibrator. An average energy
per ion pair of 38.3 eV [13], [14] was assumed for the he-
lium(85%)-IB(15%) mixture.
Fig. 3 shows the variation ofM as a function of the voltage ap-
plied across the GEM holes with induction ﬁeld set at 5 kV/cm
using helium(85%)-IB(15%). The induction ﬁeld of 5 kV/cm
was chosen tomaximise the charge collection efﬁciencywithout
the onset of electron multiplication in the induction gap. Fig. 3
demonstrates that the present GEM can achieve M exceeding
50 000 thus easily permitting studies in the sub-keV X-ray re-
gion. The high effective gain properties of the GEM are at-
tributed to electron multiplication occurring within the GEM
holes. Consequently, a lower photon feedback and improved de-
tector stability is observed at relatively higher effective gains
than, for example, planar devices such as Microstrip Gas Coun-
ters (MSGCs).
Fig. 3 also shows the X-ray energy resolution at 929.7 eV and
5.89 keV as a function of voltage applied across the GEM holes
for the helium(85%)-IB(15%). Whilst the energy resolution at
the lower photon energy represents the optimum response, the
energy resolution observed at 5.89 keV is considerably inferior
to the expected value of approximately 15%FWHM [15]. The
latter results were taken in the laboratory with Mn K X-rays
using an Iron-55 source. In that case an identical GEM was as-
sembled in a different chamber with the drift distance set at
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Fig. 3. Effective gain,M, andX-ray energy resolution at 929.7 eV and 5.89 keV
as a function voltage applied across the GEM holes   . The induction
ﬁeld,  , was maintained at 5 kV/cm and the drift ﬁeld,  , at 0.9 kV/cm.
Fig. 4. Pulse height spectrum showing the Copper  at 929.7 eV. The GEM
was operated with  	V and  	 kV/cm and  
  kV/cm
corresponding to    


. Energy resolution was obtained using the fol-
lowing lognormal ﬁt to the experimental data:
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38 mm and operated at drift ﬁelds around 0.25 kV/cm. Thus
poorer X-ray energy resolution at 5.89 keV may be attributed
to electron capture in the drift space or simply using a defective
device (GEM).
IV. PULSE HEIGHT DISTRIBUTIONS AND ENERGY RESOLUTION
Fig. 4 shows the pulse height distribution of 929.7 eV copper
ﬂuorescence photons obtained with the copper sample while
the monochromator was positioned at 940.0 eV. The GEM was
operated with V and kV/cm and
kV/cm corresponding to M value of approximately
9000. Fig. 4 also shows a lognormal ﬁt [16] to derive the X-ray
energy resolution from one of the ﬁt parameters associated with
the relative standard deviation. In this case, this parameter was
found to be 0.143 implying an energy resolution of approxi-
mately 33%FWHM for 929.7 eV X-rays. The multichannel an-
alyzer offset was assumed to be negligible.
Fig. 5. Pulse height spectrum corresponding to a Titanium oxide on kapton
sample, showing the prominence of Carbon  (277.7 eV) with respect to
Oxygen  (524.9 eV) and Titanium  (452 eV) lines. The GEM was op-
erated with   
 V and   	 kV/cm and   
  kV/cm
corresponding to    


. The following lognormal ﬁt was applied to the
experimental data:
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Fig. 5 shows the pulse height distribution corresponding to
the Titanium Oxide sample formed on a kapton foil when the
monchromator position was scanned between 495 eV to 800 eV.
The GEM in this case was operated with V and
kV/cm and kV/cm . The Carbon
photon signature at 277.7 eV due to beam interaction with
kapton foil is clearly evident. The X-ray energy resolution for
the Carbon ﬂuorescence photon was found to be approxi-
mately 63%FWHM. As the primary beam was directed towards
the sample, only the ﬂuorescence photons emitted from it the en-
tered the GEM counter. The probability of generating additional
ﬂuorescence with the counter gas molecules (Carbon in IB) was
negligible owing to the relatively small ﬂuorescence yield from
the sample as well as a low concentration of IB. As expected, Ti-
tanium line at 452 eV and Oxygen line at 524.9 eV were
not fully resolved with respect to the Carbon X-rays but a
broad distribution was present as shown in Fig. 5. Nevertheless,
it was possible to isolate the Titanium and Oxygen lines
from Carbon by taking two pulse height spectra by altering
the monochromator position to 540 and 523 eV. Subtracting the
pulse height corresponding to 540 eV from the 523 eV spec-
trum yielded the Titanium and Oxygen response (ap-
proximately 40%FWHM).
Fig. 6 shows the pulse height distribution corresponding to
the Iron sample with Carbon contamination when the monchro-
mator position was held above the Iron L edge at 708 eV. The
GEM in this case was also operated with V and
kV/cm and kV/cm . In this
case the two distinct peaks were observed that corresponded
to 705 eV ﬂuorescence from Iron and 277.7 eV ﬂuores-
cence fromCarbon . The X-ray energy resolution for the Iron
ﬂuorescence photon was found to be approximately 43.2%
FWHM.
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Fig. 6. Pulse height spectrum corresponding to an Iron sample with surface
contamination (Carbon) showing both Carbon   (277.7 eV) and the Iron 
lines (705 eV). The GEM was operated with    V and 	 

 kV/cm and 	    kV/cm corresponding to    . The lognormal
distribution described in the caption of Fig. 5 was also applied to the experi-
mental data.
Fig. 7. Pulse height spectrum showing the Carbon  at 277.7 eV. The GEM
was operated with   V (	  
 kV/cm and 	    kV/cm)
corresponding to   . The lognormal distribution described in the cap-
tion of Fig. 4 was also applied to the experimental data.
Fig. 7 shows the pulse height distributions due to Carbon
ﬂuorescence photon emission from a Graphite sample for
V yielding M value of 18 600 ( kV/cm
and kV/cm). In this case the monochromator was
held at 520 eV and X-ray energy resolution of approximately
60%FWHM was achieved.
Table I gives a summary of the experimental results for each
sample examined whilst Fig. 8 shows a plot of the peak channel
number as a function of the ﬂuorescence photon energy with
the GEM operating with M held at 9000. Fig. 8 demonstrates
the linear response of the GEM during the electron avalanche
process in its holes.
V. CONCLUSION
A GEM operating in helium(85%)-IB(15%) was success-
fully used to detect sub-keV X-ray ﬂuorescence from a variety
of samples. Measurements included the effective gain (M),
the pulse height distributions and the X-ray energy resolution.
Fig. 8. A plot showing the position of the peak (ﬁtted) channel as a function
of photon energy demonstrating the linear response of the GEM output signal.
The GEM was operated with    V, 	  
 kV/cm and 	 
  kV/cm. A linear ﬁt was applied to the experimental data.
TABLE I
SUMMARY OF SAMPLES STUDIED. THE GEM WAS OPERATED AT AN EFFECTIVE
GAIN OF 9000 EXCEPT FOR THE GRAPHITE SAMPLE WHERE
THE EFFECTIVE GAIN OF 18 600 WAS USED
Owing to the predominant helium fraction in the counter gas
mixture as well as the “dead region” between the entrance
window and the active region, the detection efﬁciency of the
present system was rather low, yielding count rates in the 5 kHz
region. Consequently, this system did not permit acquisition
of the integral pulse height distributions required for the XAS
scans. This task will be accomplished in future studies and
will incorporate high atomic number gases such as argon or
xenon to improve the detection efﬁciency. In this situation the
formation of the primary electrons via low energy photons will
occur in close proximity to the entrance window. Consequently
it will become imperative to eliminate the dead region between
the entrance window and the active area of the detector. This
could easily be accomplished by arranging the drift and GEM
planes in a perpendicular direction with respect to the incoming
ﬂuorescence photons from the samples.
ACKNOWLEDGMENT
The authors would also like to thank E. Anderson and C.
Gilbert (Moxtek, USA) for their speedy testing and delivery of
MIR et al.: LOW X-RAY ENERGY FLUORESCENCE GAS ELECTRON MULTIPLIER (GEM) FOR XAS STUDIES 2641
the AP3.3 thin X-ray windows and R. De Oliveira (CERN) for
providing the GEMs. J.A. Mir also expresses his sincere thanks
to S. Schroder (Manchester University) and G. Derbyshire (Sci-
ence and Technology Facilities Council, Rutherford Appleton
Laboratory) for stimulating discussions during this work.
REFERENCES
[1] D. C. Koningsberger and R. Prins, X-Ray Absorption. Principles, Ap-
plications, Techniques of EXAFS, SEXAFS and XANES. New York:
Wiley, 1998.
[2] B. K. Teo, EXAFS: Basic Principles and Data Analysis. New York:
Springer-Verlag, 1986.
[3] J. Stohr, “NEXAFS spectroscopy,” in Springer Series in Surface Sci-
ence 25. Berlin, Germany: Springer-Verlag, 1992.
[4] A. V. Chadwick, “EXAFS studies of dopant sites in metal oxides,”
Solid State Ionics, vol. 63-5, pp. 721–727, 1993.
[5] J. E. Penner-Hahn, “Characterization of “spectroscopically quiet”
metals in biology,” Coord. Chem. Rev., vol. 249, pp. 161–177, 2005.
[6] A. N. Blacklocks, A. Atkinson, R. J. Packer, S. L. P. Savin, and A. V.
Chadwick, “AXAF study of the defect structure of ti-doped -Cr O ,”
Solis State Ionics, vol. 177, pp. 2939–2944, 2006.
[7] D. A. Fischer, J. Colbert, and J. L. Gland, “Ultrasoft (C,N,O) x-ray ﬂu-
orescence detection: Proportional counters, focusing multilayer mir-
rors, and scattered light systematics,” Rev. Sci. Instrum., vol. 60, pp.
1596–1602, 1989.
[8] F. Zaera, D. A. Fischer, S. Shen, and J. L. Gland, “Fluorescence yield
near-edge absorption spectroscopy under atmospheric conditions: CO
and H Co-adsorption on Ni (100) at pressures between 10-9 and 0.1
torr,” Surface Sci., vol. 194, pp. 205–216, 1988.
[9] F. Sauli, “GEM: A new concept for electron ampliﬁcation in gas de-
tectors,” Nucl. Instrum. Meth., vol. A386, pp. 531–534, 1997.
[10] J. D. Lipp, J. E. Batemen, G. E. Derbyshire, I. W. Kirkman, G. van
der Laan, R. Stephenson, and C. M. Teodorescu, “A gas microstrip
detector for XAS studies in the photon energy region 300–1500 eV,” J.
Synchrotron Radiation, vol. 10, pp. 455–460, 2003.
[11] , [Online]. Available: http://www-cxro.lbl.gov/optical_constants/
[12] J. A. Mir, “Operational characteristics of a GEM-MSGC system for
X-ray detection,” IEEE Trans. Nucl. Sci., vol. NS-52, no. 6, pt. 2, pp.
2927–2931, Dec. 2005.
[13] A. Sharma, “Properties of some gas mixtures used in tracking detec-
tors,” ICFA, vol. 16, 1998.
[14] G. Charpak et al., “Micromegas, a multipurpose gaseous detector,”
Nucl. Instr. Meth., vol. A478, no. 1–2, pp. 26–36, 2002.
[15] G. K. Knoll, Radiation Detection and Measurement (Chapter 6).
New York: Wiley, 1989.
[16] J. E. Bateman, “Precision measurement of X-ray line spectra by en-
ergy dispersion in a gas microstrip detector,” Nucl. Instrum. Meth., vol.
A488, no. 3, pp. 610–622, 2002.
